Type 304L and type 309 austenitic stainless steels were tested either by exposed to gaseous hydrogen or undergoing polarized cathodic charging. Slow crack growth by straining was observed in type 304L, and the formation of α' martensite was indicated to be precursor for such cracking. Gross plastic deformation was observed at the tip of the notch, and a single crack grew slowly from this region in a direction approximately perpendicular to the tensile axis. Martensite formation is not a necessary condition for hydrogen embrittlement in the austenitic phase.
Introduction
Stainless steels weld overlaid cladding pressure vessels (PV) is a necessary procedure and increasingly needed for PV in the prochemical industries. PV must be capable of being used in extreme environments for processing heavy crude oil in which hydrogen up take can be introduced into the cladding metal surface. Because of their importance as corrosion-resistant materials, the behavior of austenitic stainless steels in such harsh environments has attracted considerable attention. This work has demonstrated that significant ductility losses occured when the material is tested dynamically after being internally charged with hydrogen [1] [2] [3] [4] [5] [6] [7] or while being exposed to a gaseous hydrogen environment [8] [9] [10] [11] [12] [13] . Delayed failures by hydrogen absorption have been reported under static stresses, and one of the objectives of the present work was to investigate the possibility hydrogen absorbtion induced slow crack growth.
A further objective was to clarify the role of austenite stability, i. e., its tendency to transform to α' and ε martensites, on the embrittlement process. This subject has become controversial [6] [7] [8] [9] [14] [15] [16] [17] , due in part to comparison of data obtained from alloys which were not well characterized. For example, it cannot be assumed that a nominally stable steel will always consistently be stable, or, conversely, that a nominally unstable grade will always under go strain-induced martensitic transformation, or that a steel which is stable under one type of deformation will be stable under a different mode. Furthermore, the possible effect of absorbed hydrogen on austenite stability cannot be overlooked. In the present work, these uncertainties were analyzed experimentally to determine the presence or absence of α' martensite before and after testing in the hydrogenbearing environments.
Experiment
The studies were carried out with a sensitized type 304L and a stable type 309 austenitic stainless steels with composition shown in the Table 1 . These stainless steels were selected because the gamma phase in the former could be expected to transform to α' (and/or ε) as a result of cooling or stressing, whereas the gamma phase in the latter was anticipated to be highly stable. These steels were to commercial grade, and were received in the form of sheet, 1.6 mm thick. Tensile specimens of dimensions 12 cm x 1.6 mm were cut from the sheet with their long axes parallel to the rolling direction, and annealed for 2,5h at 1050 0 C in argon, purged and quenched into water at room temperature. Examination with a ferrite detector indicated that no detectable α' martensite was present at room temperature. After heat treatment, all samples were electropolished in a solution of 65 vol. Pct. Orthophosphoric acid and 35 vol. Pct. Sulfuric acid at 10-12 V for 20 min. Prior to testing, a saw cut, ~3 mm deep, was made at one edge of each specimen. The single edge notched specimens were tested under constant load using a MTS electrohydraulic closed-loop system. The test were carried out while the specimens were either under a gaseous hydrogen atmosphere or while the specimens were undergoing cathodic polarization. The tests in hydrogen gas were carried out by enclosing the notched region in a glass chamber and maintaining a flow of dry, high purity hydrogen (Linde Ultra-High Purity Grade) under a positive pressure of ~7 kPa cathodic-polarization tests were carried out at room temperature in a 1.5 N sulfuric acid solution containing 250 mg of sodium arsenite per liter using a platinum anode and a current density of 40 mA/cm 2 .
In each case, the initiation and propagation stages of cracking were observed by means of an optical stereo microscope and simultaneously recorded. After failure, the facture surfaces were examined with a scanning and field emission transmission electron microscopes (SEM and FE-TEM). A measure of the amount of α' martensite present at the fracture surfaces was obtained using a commercial ferrite detector, capable of detecting as little as 0.095 vol. Pct of α' martensite. This instrument, which in effect measures magnetic permeability, has a probe with two hemispherical poles of radius 1.25 mm, spaced 4.0 mm apart, and these were placed in contact with the fracture surfaces and, in other measurements, with the side faces of the specimens. The ferrite detector was also used to determine the M D temperature, defined as the highest temperature at which straining the notched specimens to rupture produced detectable martensite. The M D of the type 304L alloy was found to be ~110 °C; no α' martensite was detected in the type 309 specimens under any condition.
Both specimens for SEM and TEM observation were prepared by electro-chemical polishing using a twinjetpolishing method. The Electrolytic solution was mixture of perchloric acid, methanol, and 2-n-butoxyethanol (blend ratio of 1 : 10 : 6). The foil specimens were polished at 25 V and 243 K for SEM and FE-TEM experiments.
Results and Discussion
Stainless steel type 304L specimens tested in gaseous hydrogen. Preliminary tests in air at room temperature established that the notched specimens fractures by ductile shear at a nominal stress (e.i., based on the original cross-sectional area at the notch) of 390 MPa loading in air for extended on subsequent testing. Using the ferrite detector, the amount of α' martensite at the ductile fracture surfaces was found to be 2.0 ± 0.6%. As in subsequent cases, this figures represents the average of at least six determinations taken at various positions on the fracture surface.
Constant-load tests in hydrogen at room temperature indicated that slow crack growth occurred when the nominal stresses exceeded approximately 320 MPa. These tests were carried out by incrementally increasing the loads until propagation occurred; incubation times of up to 3h were observed. Gross plastic deformation was observed at the tip of the notch, and a single crack grew slowly from this region in a direction approximately perpendicular to the tensile axis. Rapid overload failure occurred when the crack length attained about 1/3 of the width of the specimen. The average velocity of slow crack growth found to be ~2.3 μm/s.
The fracture surfaces produced by slow crack growth were flat and approximately perpendicular to the stress axis. Examination with the SEM (see Fig. 2c ) indicated that these surfaces were transgranular and cleavage-like as reported elsewere, TEM result shown in Fig. 1 in bright field images, shows carbides precipitated near the grain boundary surfaces produced by overload failure were inclined at 45° to the tensile axis and were characteristic of ductile rupture. i.e., they exhibited the "dimpled" structure produced by void nucleation and coalescence from carbide particels. The magnetic technique indicated the presence of 4.0 ± 0.5 pct. α' at the fracture surface produced by slow crack growth, and 1.4 ± 0.6 pct. α' at the ductile fracture surface. Measurements on the side faces indicated that the martensitic phase was confined to a region extending approximately 2-3 nm on each side of the crack (see Fig  2a and 2b) .
Tests in gaseous hydrogen were also carried out at 150°C, that is well above the M D temperature. The result shows no slow crack growth was observed even at constant stresses close to the ultimate. Fracture surfaces produced by tensile overload were completely ductile in appearance, and magnetic testing detected no α' at these fracture surfaces.
Stainless steel type 304L specimens tested while cathodically polarized. These tests, carried out in the 1.5 N sulfuric acid electrolyte at room temperature, produced slow crack growth when the specimens were subjected to constant stresses exceeding about 250 MPa. The average velocity of these cracks was ~2.6 μm/s. Again, rapid ductile rupture occurred as the final fracture mode, and the morphology of the fracture surfaces was similar to that of specimens tested in gaseous hydrogen in that numerous cracks were initiated. Thus, during cathodic polarization, a large number of cracks were observed in the region of the notch, and many secondary cracks were observed on the side faces adjacent to the main fracture. The crystallographic nature of the secondary cracks was apparent from the abrupt changes in direction when they intersected twin or grain boundaries (Fig. 3a) . The amount of α' martensite detected at the cleavage-like fracture surfaces was 4.1 ± 0.6 pct. Again, the martensitic phase was confined to a small region adjacent to the fracture face. Cathodic polarization in the absence of stress did not produce any transgranular cracking, but extended charging 2-3 days resulted in some intergranular attack. No α' martensite was detected in these specimens.
Stainless Steel Type 309 specimens tested in gaseous hydrogen. Constant-load tests in air gaseous hydrogen at room temperature failed to produce slow crack growth. Rapid overload fracture occurred when the specimens were subjected to nominal stresses exceeding ~380 MPa, and the magnetic technique revealed no evidence of α' martensite in the fractured specimens.
No slow crack growth was observed in specimens stressed while cathodically polarized in the 1 N sulfuric acid. However, at large nominal stresses (~350 MPa) numberous shallow cracks appeared on the side face in the region of the notch (Fig. 3b) . In contrast to the case of type 304L (Fig. 2c) these cracks appeared less crystallographic and were approximately perpendicular to the direction of the stress axis. Failure of these specimens occurred following a considerable amount of necking, and the resulting fracture surface were ductile. No α' martensite was detected on the fracture surfaces. Prolonged charging (2-3 days) in the absence of stress produced some intergranular grooving and occasional transgranular cracks. There was no evidence for α' martensite in these specimens.
A significant feature of the results is the occurrence of slow crack growth in type 304L austenitic stainless in gaseous hydrogen, a phenomenon which does not appear to have not many reported previously. This form of embrittlement occurred at large stresses, namely ~70-80% of the fracture stress in air, and thus it might be argued that it is unlikely to be a concern in practice. However, the hydrogen fugacity was low in the present tests at 1 atmosphere pressure, and it is possible that more severe conditions will be encountered in the service, that might cause cracking at lower stresses. In the present studies for example, slow crack growth was observed at ~65% of the air fracture stress when the type-304L steel was stressed while being cathodically charged in the 1.5 N sulfuric acid solution. This may be significant to mention, that no slow crack growth was observed in the stable type 309 material [22] .
This results also strongly suggest that the hydrogeninduced slow crack growth requires the formation of stress-induced α' martensite. Thus no slow crack growth alloy, and the specific role of the α' martensite has not been established, but several possibilities exist. The lattice diffusivity of hydrogen in the BCC form is ~10 -3 cm 2 /S and ~10 -12 cm 2 /s for the FCC phase [18] [19] [20] [21] [22] [23] , and therefore the martensite formed ahead of the advancing crack may simply provide a rapid-diffusion path for hydrogen atom to pass through. In this regard diffusivity of ~5 x 10 -8 cm 2 /s, is fully compatible with transport in the α' but not in the ᵞ phase.
A second possibility is that the α' martensite itself undergoes hydrogen embrittlement, and that the crack progresses through the martensite plates or through the α' to ᵞ (gamma) interface. This possibility is consistent with the fact that the martensitic phase is known to be readily embrittled by hydrogen. On the other hand, the occurrence of limited brittle cracking in type 309 during cathodic polarization, Fig. 3b indicates that martensite formation is not a necessary condition for hydrogen embrittlement in the austenitic phase which is in agreement with the observations of other worker [24] [25] . Thus on the basis of the present work, it is possible to distinguish whether the observed slow crack growth in type 304L involves hydrogen embrittlement of the stress-induced α' martensite, or of the austenite phase itself.
Conclusion
A further interesting feature of the present work is that the amount of martensite formation accompanying slow crack growth was greater than that for ductile rupture as suggested elsewere, and that hydrogen entry may promote martensite formation. Work in progress on specimens precharged at high temperature has confirmed this effect, and thus we agree with other workers that the embrittlement of unstable stainless steel may be autocatalytic and martensite assisted hydrogen entry, and cracking occured by martensite formation.
